A collection of 30 clones derived from 20 luminous and nonluminous Xenorhabdus strains was studied by using deoxyribonucleic acid (DNA) relatedness and electron microscopy, as well as growth factor requirement, nutritional ability, and other biochemical tests. Nonluminous Xenorhabdus cells each contained a crystal-like structure, whereas the cells of luminous strains each contained an accumulation of amorphous material associated with mesosomes and microtubules of unknown function. Two DNA relatedness groups of nonluminous strains were delineated, one of which corresponded to Xenorhabdus nematophilus, a species associated with the nematode Steinernema feltiae (= Neoplectana carpocapsae). The other group contained yellow-pigmented bacteria associated with Steinernema bibionis and new Steinernema species. No definite phenotypic characteristic (except pigmentation) separated the two DNA relatedness groups of nonluminous Xenorhabdus strains. Four DNA relatedness groups were delineated among the luminous clones studied. These four groups could be separated by biochemical tests. Unfortunately, different clones derived from the same strain belonged to different DNA relatedness groups. This happened with the type strain of Xenorhabdus luminescens.
X . nematophilvs
Xenorhabdus sp. done at the Institut Pasteur (IP) were incubated at 30°C utilization tests (IP) were done with API-CH, API-AO, and unless otherwise stated. The tests done at the Centers for API-AA strips (API System, La Balme-Les-Grottes, Disease Control (CDC) were incubated at 25°C unless otherFrance). A description and an evaluation of these strips have wise stated. Growth factor requirements were determined by been published previously (14) . The defined medium used the method of Clowes and Hayes (10). Carbon source with the API-CH, API-AO, and API-AA strips, which was provided by API System, was supplemeMed with nicotinic acid and para-aminobenzoic acid (I pg/ml each), as well as serine, tyrosine, and proline (20 pg/ml each). The strips were examined for growth after 2, 4, and 8 days. Biochemical reactions were determined at the CDC by using the method of Edwards and Ewing (12) , as recently updated (13) . The biochemical reactions determined at the IP included the following: the Voges-Proskauer test (27) , hydrolysis of gelatin (film methods [21] ), production of H2S from glucose-lactose-iron agar (Institut Pasteur Production), growth in peptone-water (10 g of Bacto-Peptone [Difco], 1 liter of distilled water, pH 7) containing 0, 2, 6, or 8% (wthol) NaC1, the p-glucuronidase test ([20) , and the yglutamyl-transferase test (15) . Luminescence was tested by suspending 1 loopful of a Mueller-Hinton agar culture in 10 ml of distilled water in a scintillation vial and immediately counting in a scintillation counter with a fully opened window setting (4) . All other tests done at IP were performed by using procedures described elsewhere (17) .
X . luminescens
DNA relatedness. The procedure used at CDC included in vivo labeling of DNA with 32P and DNA hybridization by the hydroxyapatite (HA) method (8, 9). The temperature at which 50% of the reassociated DNA is eluted by 0.14 M phosphate buffer [T,,,(,) ] has been defined previously (8). The value called AT,,,(,) is the difference between the T,,,(,) of the homologous reaction and the Tm(e) of the heterologous reaction. ATm(e) is an estimate of the divergence between two DNAs (7).
The procedures used at IP included in vitro labeling of DNA with tritium-labeled nucleotides and DNA hybridization by the S1 nuclease-trichloroacetic acid method (18) . AT,,, values were determined by the method of Crosa et al. (11) . It has been shown that AT,,,(,) values determined by the HA method and ATm values determined by S1 nuclease methods are similar for a given pair of DNAs (18).
RESULTS

DNA relatedness.
The results obtained when DNAs from nonluminous Xenorhabdus strains or clones la, lc, 9, and 16 were labeled and tested against unlabeled DNAs from 31 Xenorhabdus strains or clones are shown in Table 2 . The results obtained with labeled DNAs from luminous Xenorhabdus strains or clones 17a, 17b, 17d, 20b, and 20c tested against the same collection of 30 unlabeled DNAs are shown in Table 3 . The results obtained with the HA method at CDC agree very well with the results obtained with the S1 nuclease method at IP, although the relative binding ratios yielded by the S1 nuclease method were lower than the values yielded by the HA method, especially when the DNA pairs were from-different species. The nonluminous Xenorhabdus strains (strains 1 to 16) comprised two DNA relatedness groups ( Table 2 ). The first group contained 11 clones (clones l a to 8) derived from eight strains. These clones were 83 to 100% (S1 nuclease method) or 78 to 100% (HA method) related to the type strain of X . nematophilus (strain 1) at 60°C. The same levels of relatedness were observed at 75°C (HA method). The AT, values were 0.0 to 2.5"C. Some variation in relatedness was observed among the three clones derived from strain 1. However, reassociated DNAs were very stable. The two clones derived from strain 2 (clones 2a and 2b) gave nearly identical relative binding ratios. This first group corresponded to X . nematophilus sensu stricto since it contained the type strain of that species. Of the eight strains of X . nematophilus sensu stricto, seven were isolated from Steinernema feltiae and one was from an unidentified Steinernema.
The second group contained nine clones derived from eight strains previously labeled X . nematophilus. These clones were 69 to 100% (S1 nuclease method) or 78 to 100% (HA method) related to strain 9 at 60°C and 80 to 100% (HA method) related to strain 16 at 60°C. The same levels of relatedness were observed at 75°C (HA method). The AT,,, values were below 3.0"C. Clones derived from the same strain behaved alike in DNA hybridization tests. Of the eight strains in this group, two were isolated from Steinernema bibionis, one was isolated from a Steinernema species close to Steinernema bibionis, one was isolated from a new species (species l), two were isolated from another new species (species 2; new species of Steinernema according to C. Laumond [personal communication to N.B.]), one was isolated from Steinernema sp., and one was isolated from an unidentified nematode. This group constituted a new genomic species since the levels of DNA relatedness with X . nematophilus sensu stricto were 21 to 42% (S1 nuclease method) and 33 to 58% (HA method) at 60°C and 9 to 30% (HA method) at 75"C, with AT,,, values ranging from 10.0 to 16.0"C. Both groups of nonluminous Xenorhabdus strains (strains 1 to 16) were only 6 to 16% (S1 nuclease method) or 13 to 45% (HA method) related to luminous Xenorhabdus strains (strains 17 to 20) at 60"C, with AT, values between 6.5 and 28.0"C. The levels of relatedness between luminous and nonluminous Xenorhabdus strains at 75°C were 3 to 27% (HA method).
The collection of 10 clones derived from four luminous Xenorhabdus strains (labeled X . luminescens) was composed of four DNA relatedness groups (Tables 3 and 4) . Different clones that supposedly were from the same strain diverged significantly in DNA relatedness. Of the four clones derived from the type strain of X . luminescens (strain 17), clones 17a, 17b, and 17c seemed quite similar in DNA relatedness. However, clone 17d showed only 61% (S1 nuclease method) or 57 to 72% (HA method) relatedness to the other clones of strain 17 at 60"C, with a AT,.,, value of 63°C. The levels of relatedness between clone 17d and clones 17a and 17b at 75°C were 44 to 51% (HA method). Of the two clones derived from strain 18, one (clone 18a) was highly related to clones 17a and 17b, whereas the other (clone 18b) was highly related to strain 19 ( Table 4) . The three clones derived from strain 20 (clones 20a, 20b, and 20c) were highly similar in DNA relatedness studies.
The levels of DNA relatedness between Xenorhabdus and other members of the Enterobacteriaceae (73 DNA relatedness groups studied) ranged from 0 to 14% (S1 nuclease method) and 2 to 15% (HA method) at 60°C Morphological characterization. The cells of all of the Xenorhabdus strains examined were gram-negative, motile, peritrichous, nonsporeforming, straight rods about 1.5 to 3 by 0.8 to 1.1 pm. Older cultures (3 to 5 days) contained bacilli of varying sizes (up to 8 pm long) and spheroplasts 1.4 to 2 pm in diameter. Most bacilli and occasional spheroplasts contained refringent inclusions (all strains examined). An electron micrograph of negatively stained strain 4 is shown in Fig. 1 . Strain 4 is clearly peritrichous.
Electron microscopic examination of ultrathin sections showed that the cells of nonluminous Xenorhabdus strains 3, 4, and 14 each contained a crystal appearing as a lozenge measuring 0.4 by 0.2 pm and constituted of numerous arrays (Fig. 2) . Luminous Xenorhabdus strain 17a contained dense material with a rectangular shape (e.g., 0.6 by 0.7 or 0.5 by 0.2 pm) or crescent shape (up to 0.5 pm thick) that was seemingly attached to the cell membrane (Fig. 3) . In addition, tubular structures about 120 by 20 nm arranged in packs of about 5 to 50 tubules were observed in bacilli or spheroplasts.
Characterization as primary or secondary forms. Clones la, 4, 5, 7, 8, llb, 17a, and 17d, produced blue colonies surrounded by clear zones after 3 to 4 days on nutrient agar containing bromothymol blue and triphenyltetrazolium chloride, whereas clones 3, l l a , 12, 17c, 18a, 18b, 19, 20a, and 20c produced reddish maroon colonies without clear zones; clones 2a and 6 were intermediate, producing reddish colonies with faint halos. Clones 3, 4, 5, 8, llb, 18b, and 20a produced a Substance that inhibited Serratia marcescens 5 and Serratia plymuthica 392, whereas clones 6, Ha, 17a, 17c, 17d, Ma, 19, and 20c failed to produce any inhibitory substance against the two Serratia strains tested. Thus, clones la, 4,5,7,8, and l l b are primary forms, and clones 6, l l a , 12, 17c, Ma, 19, and 20c are secondary forms. Clones 2a, 3,17a, 17d, 18b, and 20a cannot easily be assigned to one form or the other.
Pigment production and luminescence. Colonies of clones 1 to 8 and clone l l b were nonpigmented. Colonies of clones 9 to 16 (except clone llb) and 20a to 20c produced a yellow pigment when they were grown on nutrient agar (the pigment of clone 10 was yellowish orange), whereas colonies of clones 17a to 19 were rusty.
The liquid scintillation counter was very useful for detecting light emission from bacterial suspensions. Suspending a loopful of a culture of X . Euminescens (clones 17a to 20c) in 10 ml of distilled water yielded about lo6 cpm. X . nematophilus and Xenorhabdus sp. (clones l a to 16) and a control culture of Escherichia coli K-12 produced no light (background noise of about 50 cpm).
Biochemical and physiological characterization. The characteristics of Xenorhabdus strains that were neither 100 nor 0% positive are shown in Table 5 . The different biochemical patterns observed among luminous Xenorhabdus strains and clones are shown in Table 6 .
Different clones derived from the same strain showed marked differences in nutritional and biochemical abilities. Clone l a did not produce acid from fructose and utilized acetate, D-alanine, propionate, L-tyrosine, and valerate but not gluconate, whereas clone l c showed opposite reactions. Clone 2b utilized 2-ketogluconate2 5-ketogluconate, phenylacetate, propionate, and D-ribose, but did not hydrolyze gelatin (film method), whereas clone 2a utilized none of these substrates but hydrolyzed gelatin (film method). Clone l l b produced white colonies and utilized acetate, amygdalin, L-arabinose, D-arabitol, caproate, glycogen, heptanoate, 3-hydroxybutyrate, isobutyrate, isovalerate, m-lactate, methylmannoside, methylxyloside, phenylacetate, propionate, putrescine, D-ribose, D-sorbitol, starch, and valerate, but not L-aspartate or L-serine, whereas clone l l a produced yellow colonies and gave opposite reactions, A growth factor was considered required when no visible growth occurred in its absence in 8 days. A factor stimulated growth when growth occurred in 1 day in its presence and in more than 1 day in its absence. All strains of X . nematophilus sensu strict0 tested (strains la, lc, 2a, 3 , 4 , 5, 6,7, and 8) required nicotinic acid for growth. In addition, strains l a and 6 required serine and were stimulated by paraaminobenzoic acid. Proline could substitute for nicotinic acid with strain 4.
All strains of Xenorhabdus sp. (the second DNA relatedness group) tested (strains 9, 10, l l a , l l b , 12, 13, 14, 15, and 16) required nicotinic acid for growth. In addition, strains 9, 12, and 14 required tyrosine. Serine and para-aminobenzoic acid could substitute for tyrosine with strain 14. Strain l l b required serine in addition to nicotinic acid and was stimulated by para-aminobenzoic acid. Strain 15 was stimulated by tyrosine. Strains 12 and 13 grew weakly with the growth factors examined in this study (nicotinate plus tyrosine and nicotinate, respectively), and additional requirements could not be determined. Nicotinic acid was required for growth of X. lurninescens Ma, 18b, and 20c. In addition, strain 18a required tyrosine. Proline could substitute for nicotinic acid with strain 18b, and proline or histidine could substitute for nicotinic acid with strain 20c. The growth of strains 17a, 17c, 17d, and 19 was stimulated by either nicotinic acid or proline. Strain 20c had no growth factor requirement.
The characteristics that did not vary in the collection of strains or clones tested are described below.
All Xenorhabdus clones tested grew on nutrient agar at 30°C in 2 days, producing convex or flat colonies about 1.5 to 3 mm in diameter. They were facultatively aerobic. All strains grew at 25 and 30°C in tryptic soy broth (IP).
All strains except strain 15 produced acid in peptonewater from D-glucose (1 to 4 days) and D-mannose (1 to 7 days); strain 15 failed to grow on the peptone-water basal medium (CDC and IP).
All strains of Xenorhabdus used the following compounds as sole carbon and energy sources in 8 days (API medium supplemented with nicotinic acid, para-aminobenzoic acid, serine, tyrosine, and proline): N-acetylglucosamine, fumarate, D-glucose, glycerol, D-mannose, and succinate.
None of the Xenorhabdus strains tested produced oxidase (CDC, IP), reduced nitrate to nitrite (although strain 16 gave a faint reaction in one laboratory) (CDC, IP), reduced tetrathionate (IP), or produced H2S (CDC, IP). Malonate broth was not alkaline (CDC, IP), and phenylalanine deaminase (CDC), tryptophan deaminase (IP), lysine decarboxylase (CDC, IP), ornithine decarboxylase (CDC, IP), and arginine decarboxylase ("dihydrolase") (CDC, IP) were not produced. Growth did not occur in tryptic soy broth at 4,40, and 42°C or in peptone-water supplemented with 6 or 8% NaCl (IP). Tests for "P-galactosidase" (o-nitropheny-P-Dgalactopyranoside test) (CDC, IP), "p-xylosidase" (IP), and " p-glucuronidase" (IP) were negative. Starch and chitin were not hydrolyzed (IP). Voges-Proskauer and methyl red tests were negative (CDC, IP). Gas was not produced from D-glucose (CDC, IP). Acid was not produced in peptone No Xenorhabdus strain could use any of the following substrates as a sole carbon and energy source (API medium supplemented with growth factors): acetamide, trans-aconitate, adipate, adonitol, p-alanine, 3-aminobenzoate, 4-aminobenzoate, 2-aminobutyrate, 3-aminobutyrate, 5-aminovalerate, a-amylamine, anthranilate, D-arabinose, L-arabitol, azelate, benzoate, benzylamine, betaine, butylamine, butyrate, caprylate, citraconate, DL-citrulline, creatine, meso-erythritol, ethanolamine, ethylamine, D-fucose, D-galactose, P-gentiobiose, glutarate, glycine, glycolate, histamin, 2-hydroxybenzoate, 3-hydroxybenzoate, 4-hydroxybenzoate, inulin, isoleucine, isophthalate, DL-kynurenine, L-leucine, levulinate, L-lysine, maleate, malonate, D-mandelate, L-mandelate, mesaconate, L-methionine, DL-norleucine , DL-norvaline, oxalate, 
X . luminescens
Luminescence (All)= Catalase (All) Indole produced (All) Urea hydrolyzed (All) Citrate (Simmons) (All) The values on the table are percentages of positive strains or clones. The percentages of delayed positive (excluding promptly positive) strains or clones are indicated in parentheses, and the percentages of weak reactions are indicated by w. Tests for which only one strain was positive are not listed on the table. These tests are acid production from glycerol (strain 5 ) and utilization of 4-aminobutyrate (strain lo), D-arabitol (strain llb), arbutin (strain 141, caproate, glycogen, heptanoate, 3-hydroxybutyrate, isobutyrate, and isovalerate (strain llb), lactose (strain 14), and methyl-mannoside, methyl-xyloside, and D-sorbitol (strain llb).
The results of the carbon source utilization tests were determined after 10 days; the results of tests for indole production, gelatin hydrolysis (film method), acid production from carbohydrates, and growth at different temperatures and NaCl concentrations were determined after 1 and 7 days; the results of tests for urea hydrolysis, Simmons citrate, gelatin hydrolysis (tube method), Tween hydrolysis, tributyrin hydrolysis, DNA hydrolysis, and tyrosine hydrolysis were determined after 2 and 7 days; Jordan tartrate and "p-xylosidase" tests were examined after 2 and 1 days, respectively.
Unless indicated otherwise, the numbers of strains or clones tested at the CDC, IP, and both laboratories (All) were as follows: X . nematophilus, 3, 10, and 11 strains, respectively; Xenorhabdus sp., 3, 9, and 9 strains, respectively; X . lurninescens, 6 , 8 , and 10 strains, respectively. For each characteristic we indicate where the test was performed so that the number of strains or clones tested for each species and each characteristic can be deduced.
Discrepancies between laboratories are indicated by two values. This is an underestimate of variability since the number of clones that were studied in duplicate was the number of clones studied at CDC plus the number of clones studied at IP minus the number of clones studied at both laboratories.
' One strain failed to grow.
Two compensated discrepancies. NT, Not tested. Nine strains of X . nematophilus, eight strains of Xenorhabdus sp., and seven strains of X . lurninescens were studied.
2-oxoglutarate, pelargonate, phthalate , pimelate, sarcosine, sebacate, sorbose, spermine, suberate, D-tagatose, D-tartrate, L-tartrate, meso-tartrate, terephthalate, trigonelline, tryptamine, D-tryptophan, L-tryptophan, L-valine, xylitol, and L-xylose (IP).
DISCUSSION
Genus Xenorhabdus. It is not clear whether the luminous and nonluminous species should be maintained in the same genus. DNA relatedness data alone cannot be used to define a genus. Electron micrographs showed major differences between luminous and nonluminous species. No crystal-like structures were seen in the cells of luminous strains, and amorphous structures associated with mesosomes or packs of microtubules have not been observed in nonluminous species. Accumulation of amorphous material in luminous species was misinterpreted as crystals in a preliminary work (6) . In fact, this amorphous material can take different shapes, but crystalline arrays have never been observed (as opposed to what can be seen on X . nematophilus crystals [6]). In contrast to X . nematophilus crystals, the amorphous material in X . lurninescens is always associated with mesosomes (Fig. 3) . Pigment production, luminescence, and catalase production distinguish luminous Xenorhabdus species from nonluminous Xenorhabdus species.
The genus Xenorhabdus can be clearly differentiated from all other genera in the Enterobacteriaceae by DNA-DNA hybridization. Furthermore, the cells of Xenorhabdus spp. contain structural elements that have never been reported in any other member of the Enterobacteriaceae or any other gram-negative bacterium. The question of inclusion of Xenorhabdus in the Enterobacteriaceae could be raised. Xenorhabdus spp. have all of the characteristics defining the Enterobacteriaceae (12) except the ability to reduce nitrate to nitrite. In this property, and in general physiological properties, the genus Xenorhabdus is very similar to Erwinia 
